Abstract. We use observational gaseous and stellar density distributions in the disk of the Milky Way (MW) galaxy together with the disk rotation curve and measured disk velocity dispersion to build collisionless and combined collisionless-gaseous equilibrium models of the Milky Way disk. A purely collisionless MW disk is unstable towards the development of a central bar, so that during the nonlinear stage of instability the stellar bar is a dominant non-axisymmetric structure developing the disk. A ten percent admixture of a gaseous component leads to the development of a three-armed spiral structure in the stellar disk, decoupled spatially from the central bar-like structure. In our simulations, the spiral structure lasts for about 3 Gyr.
INTRODUCTION
After almost fifty years of studying, the origin of spiral structure in galaxies remains an unresolved problem. Two of the most advanced theories explaining the spiral structure in galaxies give contradictory conclusions regarding the lifetime of spiral structure. The mechanism of swing amplification (see, e.g., Toomre 1981) predicts short-lived spirals, while the global modal approach (see Bertin et al. 1989a,b) envisions a long-lived spiral structure. To distinguish between these two possibilities, a detailed comparison between the theoretical predictions and the observed properties of the spiral structure should be undertaken. Korchagin et al. (2000 Korchagin et al. ( , 2005 performed such a comparison using a hydrodynamical approach to model the behavior of galactic disks. Khoperskov et al. (2012) performed a detailed comparison of three-dimensional numerical simulations of stellar and stellar-gaseous disk with the observational properties of the galaxy NGC 5247. The above authors found that the spiral structure in a purely stellar disk does not last longer than a few galactic rotations, or about 1 Gyr. An admixture of a gaseous component with a mass of about a few percent of the mass of the stellar component significantly increases the lifetime of the spiral structure in models of NGC 5247.
For our own Milky Way galaxy, we still do not know not only the lifetime of its spiral structure. The morphology of the spiral structure, such as the number of arms, pitch angle, the position(s) of the corotation resonance(s), remains largely an unresolved problem due to the fact that we observe the structure from inside the Galactic disk. Big expectations in understanding the spiral structure of the Milky Way disk are laid on the Gaia mission, which will give us information about the positions and kinematics for about a billion stars in the disk of the galaxy and will allow us to make a reliable conclusion about the the morphology of the spiral structure existing in the disk.
Observational determination of the morphology of the spiral pattern of the Milky Way galaxy will also help us to make a decisive conclusion regarding the mechanism that governs the growth of spirals. We can use the observed equilibrium properties of the Galactic disk, such as its rotation curve, radial distribution of the disk stellar and gaseous components, to follow the dynamics of a multicomponent stellar-gaseous disk in our numerical simulations and theoretically predict the number of spiral arms, the kinematics and the lifetime of the spirals. By comparing the theoretically predicted spirals with observations, we can, in the case of agreement/disagrement with observations, conclude whether the spiral pattern in the Milky Way disk is a long-or short-lived phenomenon.
The paper is organized as follows. In Section 2 we briefly describe the equilibrium model of the MW disk and give a brief description of the numerical code that was used in simulations. In Section 3 we discuss the disk evolution in the models considered here. In the last Section 4 we present our concluding remarks.
MODEL AND METHODS
In this paper, we present a simulation of the dynamics of a multi-component galactic disk with the parameters in our numerical simulation similar to those of the disk of the Milky Way galaxy. Table 1 lists the parameters of gravitational potential and mass distribution. The rotation curve of the MW, shown in Fig. 1 , has a plateau at 245 km s −1 and a central peak of about ≈ 250 km s −1 . We assume that the initial gas velocity dispersion is 8 km s −1 and its distribution is uniform along the radius of the disk. In Fig. 1 we also show the stellar and gaseous density profiles, together with the rotation curve for both stellar and gaseous components.
We build our initial state using the iterative procedure described in Khoperskov & Tyurina (2003) . For the initial equilibrium state we calculate the radial profiles of the Toomre stability parameter for the gaseous and stellar components according to standard expressions: Q s T = κc r /(3.36 GΣ s ) and Q g T = κc g /(πGΣ g ). Note, that the initial model distributions are stable against axisymmetrc perturbations because Q s T , Q g T > 1 (see right-hand panel in Fig. 1 ) throughout the disk. We model the dynamics of the stellar-gaseous disk using N -body/hydrodynamical parallel code, which is based on TreeCode for gravity calculation and TVD MUSCL scheme for the hydrodynamical part. The hydrodynamical part includes radiative cooling as well as heating processes for the gas. The number of particles in our models is equal to 0.5 × 10 6 and the spatial resolution for the gaseous disk is 45 pc. The time step for the leap frog stellar particles integrator is equal to Fig. 1 . The equilibrium state for our models. The left-hand panel shows the radial surface density profiles for gas and stars; the middle panel shows the rotation curves for both stars and gas, as well as the radial profiles for the components of stellar velocity dispersion, cR and cz; the right-hand panel shows the radial profiles of the Toomre Q parameters for both stellar and gaseous components. Table 1 . The initial parameters of runs. M h , a h are the mass within the optical size of galaxy (r h = 12 kpc) and the scale length of isothermal dark matter halo, respectively; M b , b b , r b are the mass, scale length, and size of bulge, respectively; Mst, r d are the mass and the exponential scale length of stellar disk, respectively, Mgas is the total mass of gas; tgas is the time when the gaseous content starts to evolve. Khoperskov et al. (2014) . The models presented here are characterized by the same set of initial parameters except one (see Table 1 ). In model A, we let gas to evolve after 200 Myr from the beginning of simulation, while in model B we include the dynamics of gas after 2 Gyr of evolution. Until this moment, we take into account only the equilibrium gravitational potential of gas. We thus have a purely collisionless model B until 2 Gyr, and a combined collisionless-gaseous model A. Such an approach allows us to study the role of gas in the excitation of the spiral pattern in the Milky Way disk.
DISK EVOLUTION

Model A
To avoid the impact of relaxation of initial particle fluctuations on the disk dynamics, we evolve the stellar disk during 200 Myr until switching on the dynamics of gas. With gas taken into account, the spiral pattern in the stellar disk forms rapidly despite a high value of Q-parameter in the stellar disk (Q s T > 2; see the right-hand panel in Fig. 1 . The thee-armed spiral is the main perturbation developing in the stellar component during the disk evolution (see Fig. 2 ). Fourier The left-hand frame shows the evolution of Fourier amplitudes for the entire disk; the middle frame shows the evolution of Fourier amplitudes in the central regions of the disk (r < 3 kpc); the right-hand frame shows the evolution of Fourier components in the disk outskirts (r > 3 kpc). The vertical dashed line indicates the time when the gaseous disk starts to evolve.
analysis shows that there is no dominant mode throughout the entire disk. To better understand the dynamics of perturbations, we calculate Fourier amplitudes in the central region for r < 3 kpc (the middle panel in Fig. 3 ) and in the outer parts of the disk (r > 3 kpc) as shown in the right-hand panel in Fig. 3 . We find that perturbations developing in the central parts of the disk can be represented at any time by m = 2, whereas the m = 3 mode is the dominant perturbation in the outer parts of the disk. Model A thus demonstrates that the perturbations, developing in a stellar-gaseous disk, are a superposition of two spatially separated modes. Different mechanisms might be responsible for the excitation of each mode. We defer, however, a detailed analysis of this question to future research.
Model B
Contrary to model A, the dynamics of a purely collisionless disk in model B demonstrates the exponential growth of the bar-mode in the central regions of the disk, with the time scale of about ≈ 0.4 Gyr (see Fig. 4 ), which is longer than the time scale found by Polyachenko et al. (2016) for a similar equilibrium model. A slower bar excitation can probably be explained by the rigid halo potential adopted in our models, which suppresses the bar formation. During the first 2 Gyr (pure stellar phase) the bar-mode is excited and there is no sign of spiral formation in the outer regions of the disk, contrary to model A (see Fig. 2 ). Further evolution of the stellar disk changes dramatically at t > 2 Gyr when the dynamics of gas is included. In the outer parts of the disk we observe fast formation of an m = 3 spiral pattern. Fourier analysis confirms the existence of a dominant bar-mode in the central regions of the disk (see Fig. 5 ). The outer parts of the disk do not demonstrate the development of a prominent spiral pattern until the gas dynamics is included: the amplitude of the m = 3 mode starts to grow rapidly after t = 2 Gyr. Thus, the gaseous component is responsible for the formation of the spiral pattern in the outer parts of the disk. Despite its much lower surface density (see the left-hand panel in Fig. 1 ), the gaseous disk is able to trigger the formation of the spiral structure in the much more massive stellar component.
CONCLUSIONS
We use high-resolution numerical simulations to model the evolution of a stellar and stellar-gaseous disk embedded in a rigid axisymmetric dark matter halo. We focus on the formation of the spiral pattern in a Milky Way-like disk galaxy, attempting to understand the role of gas in the formation of the disk morphology. An analysis of the results of our numerical simulations leads us to conclude that
• A purely collisionless model cannot explain the existence of the spiral pattern observed in the Milky Way disk;
• The bar-mode is a dominant non-axisymmetric perturbation, which develops in the central regions of a Milky Way-like disk galaxy;
• Despite its much smaller mass, the gaseous disk is responsible for the formation of a three-armed spiral pattern beyond the central regions of the galaxy.
A comparison of our theoretical predictions with the forthcoming Gaia DR1 observations for the Milky Way galaxy will allow us to pin down the old problem of the origin the spiral structure in galaxies.
